IntroDuctIon

Developing tools for transcriptome analysis
The identity and function of a cell is determined by its entire RNA component, which is called the transcriptome 1, 2 . The transcriptome is the functional readout of the genome and epigenome. In an organism, essentially every cell has the same genome, although every cell type and potentially each individual cell has a unique transcriptome. Ideally, transcriptome analysis should capture the exact quantity of all full length RNAs of all classes at single-base resolution in the smallest functional unit of an organism, i.e., an individual cell 2 . Eventually, the transcriptome analysis may even become non-invasive, allowing us to read the sequences of every RNA molecule of a living cell without destroying the cell. During the past decade, the most successful and widely used transcriptome analysis method has been the cDNA microarray [3] [4] [5] [6] [7] [8] , and this technique is now applicable to virtually any model organisms with a known genome. These arrays represent a powerful way to capture the expression pattern of tens of thousands of known genes through hybridization. However, this technology has significant drawbacks and limitations 1, 2 , including (1) cross-hybridization between genes of similar sequence; (2) detection of expression levels limited to the 1,000-fold range or three orders of magnitude, compared with actual cellular dynamic range of gene expression that spans six orders of magnitude; (3) lack of information about the exact length and sequence of the mRNAs being analyzed; and (4) inability to detect novel transcripts.
Use of a tiling array can resolve some of these problems 9, 10 , but recently developed methods for deep-sequencing-based transcriptome analysis or RNA-Seq, can potentially overcome all of these problems 1, 2, [11] [12] [13] [14] . RNA-Seq can achieve single-base resolution, and the dynamic range of gene expression levels that it can capture is theoretically unlimited, depending only on the depth of sequencing. More importantly, with the help of complete genome information, the exact length and sequence of all RNAs analyzed can be captured accurately. The past 2 years have seen astonishingly fast development of the RNA-Seq technique and deepening of our understanding of the complexity of the eukaryotic transcriptome, from yeast to humans and from adult tissues to embryonic development [15] [16] [17] [18] [19] [20] [21] [22] [23] . However, the sensitivity of the method generally requires microgram amounts of total RNA as the starting material, and most RNA-Seq studies have used tissues containing a mixture of different types of cells or cell lines, which are at least a mixture of cells at different stages of the cell cycle. Recent investigations into the stochastic nature of transcription and gene expression have shown that even in the same cell type at the same cell cycle stage, the mRNA copy number from an expressed gene can be affected by both the microenvironment and the intrinsic noise of the transcription process [24] [25] [26] [27] [28] [29] . Ideally, the RNA-seq transcriptome analysis should be done using individual cells or even the sub-compartment of a cell, such as the cytoplasm or nucleus. For the study of early embryonic development or stem cells in vivo, it is extremely difficult or even practically impossible to isolate millions of cells of a single type. RNA-Seq at single-cell resolution will greatly promote the development of these fields by permitting comprehensive capture of the expression dynamics of all genes at all developmental stages.
During the past few years, people have developed cDNA microarray techniques for working with a small amount of starting material, or even a single cell 30, 31 , through either in vitro transcription (IVT)-based linear amplification [32] [33] [34] [35] , PCR-based exponential amplification [36] [37] [38] [39] or a combination of the two methods 40, 41 . However, these approaches have inherited the limitations of the microarray platform. In recent work the cDNA microarray (i.e., the commercial array (Affymetrix Mouse Genome 430 2.0 array)) 43 , expanding the transcriptome of a blastomere of a four-cell stage mouse embryo from 7,050 expressed genes to 11,920 expressed genes 42 (i.e., we detected 5,270 more genes than microarray, but we also missed 400 genes from the 7,050 genes detected by microarray). We observed that around 10% of genes with multiple known transcript isoforms express more than two different transcript isoforms in the same blastomere at the same time point, which has never been detectable by single-cell cDNA microarray 42 . We also identified thousands of previously unknown splice junctions from already known genes, indicating the extent to which our previous appreciation of the complexity of the eukaryotic transcriptome was limited based on the cDNA microarray 42 . This strategy has many possible future applications. It creates the possibility of isolating one or several cells from patient organs or tumors and analyzing their transcriptome by RNA-seq, reducing the invasiveness of biopsies and clarifying the diagnosis of diseases. In addition, the subcellular distribution of mRNAs could potentially be explored by comparing, e.g., the axon and cell body of a neuron.
Current limitations of single-cell RNA-Seq include 42 : (1) The assay can only capture mRNAs with a poly(A) tail. Those mRNAs without poly(A) tails or other classes of RNAs, such as small non-coding RNAs, will not be detected. ( 2) The assay cannot discriminate sense from antisense transcripts. (3) The assay can only capture cDNA fragments extending upto 3 kb from the 3′ end of a mRNA. For genes with mRNAs longer than 3 kb, which constitute about 36% of all known genes, the 5′ end part of the mRNA can not be detected. We are at present improving the method to overcome these limitations.
RNA isolation and preparation
The use of this technique requires efficient and reliable methods for dissociating the embryos or tissues into a single-cell suspension. Any suitable strategies can be used to disaggregate the tissues into single-cell suspension while maintaining the integrity of living single cells under physiological conditions. In general, quicker and milder dissociation processes should be adopted. These will depend on the type of cells and which stage the embryos are at. For picking up and transferring individual cells, we usually use a mouth tube to control an attached micropipette under a dissection microscope, which permits swift and efficient control of individual cell collection and release 41, 44 . In this method, four-cell stage mouse embryos are isolated from the oviduct 45 . Acidic Tyrode's solution is used to dissolve and remove the zona pellucida and the embryos are then transferred to a calcium-free medium to dissociate the zona-free embryos into individual blastomeres. PBS-BSA is used to wash and hold individual blastomeres; the use of PBS alone will cause the blastomeres to attach tightly to the bottom of the dish or inside wall of the micropipette, leading to rupture or loss of these cells. The individual blastomeres should be placed in a small drop of PBS-BSA, usually only 50-150 µl on a 6-cm cell culture dish; this will allow accurate and reliable manipulation of single cells. The portion of the micropipette outside the mouth tube should be long enough (>4 cm) to permit the tip of it to dip into the lysis buffer at the bottom of the tube without the mouth tube touching the lid or rim of the tube, thus avoiding any potential contamination. Gloves should be worn during the manipulation of single cells to prevent potential contamination.
It is crucial to make sure that the individual cells to be analyzed have actually been transferred into the lysis buffer from the drop of PBS-BSA via the micropipette. Initially, the operator can practice by transferring individual cells into a 4-5 µl drop of PBS-BSA on a 6-cm cell culture dish, and then recovering it to ascertain whether they can accurately transfer an individual cell.
We use a relatively mild lysis buffer 41, 42 , which enables efficient cell lysis without severely interfering with reverse transcription efficiency. If more than one cell is used for each lysate reaction, dissociated individual cells must still be used rather than a clump of cells to make sure that all the cells are thoroughly and completely lysed under these conditions. As the method is extremely sensitive, it is essential to include a negative control sample, which involves repeating all of the steps described above, but without any cells. This negative control will ensure the absence of contamination at all steps from the start to the end of the whole procedure. The UP1 primer used here for first-strand cDNA synthesis contains a 24-nt poly(dT) tail at the 3′ end, which permits priming of the reverse transcription of all mRNAs with poly(A) tails and a 24-nt anchor sequence to add a universal tail to the cDNAs 41 . The protocol can also be carried out with purified total RNA instead of single cells. In such cases, simply use total RNA to replace the single cell and keep the final volume of the reverse transcription reaction at 5 µl (although the volume of water in the lysis buffer should be adjusted accordingly). For each sample, 20 pg-1 ng of total RNA should work.
Before cDNA synthesis, prepare the master mix based on the number of samples to be analyzed. In order to minimize pipetting error, prepare an excess stock solution of master mix, at least 12× of reagents for ten samples for all steps except poly-A tailing and PCR step, for which an 11× master mix is sufficient. For the reverse transcription step, it is essential to add the 0.45 µl of RT mix accurately into each reaction tube. In the free primer removal step and poly(A) tailing step, it is important to prepare the master mixes immediately before adding them into the reaction tube. For the PCR step, it is crucial to use hot-start Ex Taq to minimize background amplification of single-cell cDNAs during pipetting and mixing. And for all the steps, it is very important to mix the reaction solutions mildly but thoroughly to ensure that all the reactions are efficient and that the amplification of cDNAs is accurate and quantitative. The UP2 primer used here has a 24-nt poly(dT) at the 3′ end, which permits priming during the second-strand cDNA synthesis and the 24-nt anchor sequence adds a universal tail to the second-strand cDNAs 41 . During PCR, the extension time is increased by 6 s after each cycle to compensate for the reduced efficiency of PCR amplification because of the accumulation of byproducts and consumption of the active reagents.
After the first 20 cycles of PCR, the PCR product is purified and part of it is used as the template for an additional 9 cycles of PCR. There are two purposes for this step: (1) to increase both the total amount and concentration of the amplified cDNAs for construction of the deep-sequencing library and other relevant analysis and (2) to shift the primers from unmodified UP1 and UP2 to 5′-amine (NH2)-blocked AUP1 and AUP2 to suppress the contamination of primer dimers in the deep-sequencing library. The AUP1 and AUP2 primers have an NH2-modification at their 5′ ends with a C 6 linker that prevents ligation of the 5′-end fragments of the double-stranded cDNA (after shearing) to the SOLiD library P1/P2 adaptors. Because of this, any undesired small amplification products that may have been formed will not be carried over into the library. The number of PCR amplification cycles can be adjusted according to the size or mRNA content of the cell under investigation; for a blastomere from a four-cell stage embryo we use 20 cycles of PCR, whereas for a mature oocyte we use 18 cycles of PCR. The template amount used for the second round of PCR can also be flexible. Out of 50 µl of the purified first round PCR product, 1-4 µl can be used for each 90-µl PCR reaction. This round of PCR amplification can also be adjusted according to the final amount of cDNA needed; the number of cycles can be between 6 and 12, but should be minimized to reduce bias. The combined number of cycles in the first and second rounds of PCR should be < 30. The final PCR product should be gel purified to remove primer dimers and any other potential non-specific amplification byproducts. In our experience, from one blastomere of a four-cell stage embryo (or 20 pg of input total RNA), 20 + 9 cycles of PCR will yield at least 200 ng of gel-purified cDNA.
Library preparation
For a workflow of this part of the process, consult Figure 1 . The primary steps are as follows:
The prepared cDNA samples are sheared using sonication, with the majority of fragments between 80-130 bp (see Fig. 2a ). Finetuning the shearing protocol may be necessary for certain DNA samples. We have tested the conditions described below in Steps 43 and 44 for shearing 50 ng-10 µg of DNA in a total volume of • 100 µl in a Covaris S2 System. For this system, it is important to use the appropriate tube holder, program the instrument correspondingly and set the chiller temperature at 2-5 °C. This ensures that the water bath stays around 5 °C, preventing excessive heating of the sample during sonication. Fragment ends are repaired to enable ligation of double-stranded adaptors. The quantity of double-stranded adaptors must be calculated based on the quantity of cDNA sample that was sonicated. For a fragment library, P1 and P2 adaptors are ligated to the fragment ends. All oligonucleotides needed for fragment library construction are included in the SOLiD Fragment Library Oligo Kit. Alternatively, multiplexed P1 and P2 adaptors can be used for large sample sets, allowing the user to prepare a multiplexed library for emulsion PCR and running on the SOLiD instrument. A multiplexed library reduces workflow and allows the user to run (in this protocol) up to 16 samples in parallel on SOLiD, which reduces sequencing time and reagents. All multiplexed oligonucleotides must be ordered (see Table 1 ) and pair-wise annealed (see Procedure, Box 1) to create doublestranded adaptors. The ligated samples are purified using the Agencourt AMPure kit. This system utilizes reversible immobilization of DNA on paramagnetic beads, with reaction conditions optimized to selectively bind DNA fragments 100 bp and larger. Excess oligonucleotides, nucleotides, salts and enzymes are removed by a simple washing procedure. Purification will eliminate 68-bp primer-dimer contamination and reduce carryover of this product into the fragment libraries (Fig. 2b) . ), it can be subjected to additional PCR amplification. For the final pooled multiplexed library, Qubit may also be used to determine the final concentration of the pooled samples, following the manufacturer's protocol. For a fragment library sample, either Qubit or qPCR may be used to determine the final concentration.
• • • For qPCR of fragment libraries, a Standard Library is used to generate a standard curve. Throughout this protocol, for all steps requiring the use of a 1.5 ml tube, the operator should use 1.5 ml Lo-Bind tubes (Eppendorf, Hamburg, Germany). For all centrifugation steps, adjust according to the g-forces specified in the protocol.
Sample analysis
Sequence data collected from the SOLiD instrument (Applied Biosystems, Foster City, CA, USA) are subjected to a whole transcriptome analysis pipeline that we have developed, which is an off-instrument software package for the analysis of experiment runs. The software and a more detailed description can be found at http://solidsoftwaretools.com/gf/project/transcriptome/ docman/?subdir=43.
The pipeline maps 50 base reads from the transcript sample to the mouse genome. It starts from the assumption that transcriptome reads may cross an exon-exon boundary. To overcome this issue, we use an 'anchor-extend' method, in which subsequences from the beginning and end of the read are selected as 'anchors' . These 'anchors' are then mapped to the reference genome sequence, finding global alignments with an upper limit for the maximum number of mismatches. The next step is to extend the global alignment of the anchors as a local alignment of the entire read with the reference. A simple ungapped alignment algorithm is applied to find the shortest alignment with the maximum score. Reads that have a unique alignment or have multiple alignments, where the second-best alignment contains at least two more mismatches than the best alignment, are considered to be unambiguously aligned and used in downstream analysis. These reads are sorted according to their genomic locations and stored in a separate file. These data are used to generate feature (exons/transcripts/genes) counts, which can be normalized using the r.p.m. (read per million counts) method 20 . The same reads are used to generate base coverage files (in a wiggle format) that can be viewed directly in the UCSC genome browser.
Unambiguously mapped reads can also be used to detect new exon-exon junctions by aligning them to a reference containing all exon-exon junctions not reported in RefSeq and Ensembl as a component part of any transcript. Each exon-exon junction present in this reference is represented by 84 nucleotides, 42 on each side of the junction. Junctions that are covered by at least five reads are considered to represent new exon-exon junctions. Typically, 20-40 million reads are needed to cover the entire transcriptome for complex genomes (such as mouse or human). However, 100 million reads would be ideal for alternative splicing and new junction studies.
MaterIals
REAGENTS
Mouse blastomeres  crItIcal All experiments that use human and animals should comply with the institutional and national guidelines. Primers (sequences of UP1, UP2, AUP1, AUP2 and all multiplexed adaptors and primers are provided in Table 1 ExTaq is necessary to minimize background amplification of single-cell cDNAs during pipetting and mixing. Takara labels their dNTP mix as '2.5 mM each dNTP' , meaning it contains 2.5 mM dATP, 2.5 mM dTTP, 2.5 mM dCTP and 2.5 mM dGTP QIAquick PCR purification kit (Qiagen, cat. no. 28106) QIAquick gel extraction kit (Qiagen, cat. no. 28706) GeneAmp dNTP blend (100 mM) (Applied Biosystems, cat. no. N8080261) 3 M sodium acetate (pH 5.5) (Ambion, cat. no. AM9740) ! cautIon Harmful if swallowed or inhaled, causes irritation to the skin, the eyes and the respiratory tract. Handle using appropriate safety equipment.  crItIcal This reagent is required for carrying purification using the QIAGEN kit. 1 M Tris, pH 8.0 (100 ml) (Ambion, cat. no. AM9855G) Nuclease-free water (1 liter) (Ambion, cat. no. AM9932) 10× NEB buffer 2 (New England Biolabs, cat. no. B7002S) Ethanol (Sigma-Aldrich, cat. no. E7023) ! cautIon Flammable. Handle using appropriate safety equipment. Ethylene glycol (American Bioanalytical, cat. no. AB00455-01000) End-It DNA end-repair kit (Epicentre, cat. no. ER0720) 0.5 M EDTA, pH 8.0 (Ambion, cat. no. AM9260G) DNA polymerase I (E. coli), (10 U µl ! cautIon Nonidet P-40 is harmful if swallowed or inhaled and is irritating to the skin, the eyes and the respiratory tract. Handle using appropriate safety equipment.
3|
Isolate four-cell stage embryos from the oviduct (see ref. 45 for details) and transfer by mouth pipette to a drop of acidic Tyrode's solution to remove the zona pellucida.  crItIcal step All experiments that use human and animals should comply with the institutional and national guidelines.  crItIcal step In all transfer steps, ensure that no bubbles are formed in the drops by the micropipette before transferring a single cell into the lysate buffer.
4|
Transfer the embryos into calcium-free medium and gently pipette until the individual blastomeres separate.
5|
Sequentially transfer the blastomeres into three drops (typical volume per drop = 50-150 µl) of PBS-BSA to wash them. Then, transfer blastomeres into a final drop of PBS-BSA for picking.
6|
Seed each single cell (with PBS-BSA carryover) into a 0.5 ml thin-wall PCR tube containing 4.45 µl of freshly prepared cell lysis buffer. Suck a small volume of PBS-BSA using the mouth pipette, then gently suck the single cell into the micropipette so that the cell is inside the micropipette but still near the tip. When pushing the cell out of the micropipette into the lysis buffer, eject all carryover PBS-BSA as well.  crItIcal step Each micropipette can be used only once for transferring each individual cell into lysis buffer. Never use the same micropipette repeatedly for transferring multiple cells into lysis buffer.  crItIcal step It is essential to include a negative control sample, in which no individual cell is picked; instead, transfer PBS-BSA solution equivalent to the carryover volume collected during single-cell transfer into lysis buffer. This negative control will enable detection of contamination in subsequent steps of the procedure. ? troublesHootInG 7| Centrifuge samples for 30 s at 7,500g at 4 °C and put on ice immediately.
8|
Incubate at 70 °C for 90 s, then immediately transfer to ice.
9|
Centrifuge tubes for 30 s at 7,500g at 4 °C, then immediately transfer to ice for 1 min. After this step, all mRNAs will be released from the single cells.  pause poInt The single-cell cDNA PCR product can be saved at -80 °C for 6 months.  crItIcal step 1st cycle = 6 min, 2nd cycle = 6 min and 6 s, 3rd cycle = 6 minutes and 12 seconds and so on.
Dna purification • tIMInG 3-7 h 31|
Combine the four PCR reactions for each individual sample.
32| Take 10 µl from each combined single-cell PCR product and combine with 90 µl nuclease-free water to dilute ten-fold. Use 1 µl or 2 µl of this diluted PCR product as a template for a 20 µl SYBR Green real-time PCR reaction to check the expression of housekeeping genes (such as GAPDH, HPRT and ACTB). ! cautIon SYBR Green master mix is harmful and combustible. It is readily absorbed through the skin and may cause eye, skin and respiratory irritation. Handle using appropriate safety equipment and keep away from heat sources and open flames. ? troublesHootInG 33| Purify the remaining undiluted PCR product by QIAquick PCR purification kit and elute with 50 µl EB buffer.
34|
Store at − 80 °C.  pause poInt The purified PCR product can be saved at − 80 °C for 6 months. Quality check • tIMInG 1 h 37| Optional: Perform QC on PCR products by running 20 µl of each sample on a 2% E-Gel.
purification of pcr production • tIMInG 2 h 38| Purify amplified cDNAs using QIAquick PCR purification kit. Elute in 30 µl EB buffer and quantify by Nanodrop. The total amount of cDNAs should be more than 200 ng.
39|
Store at − 80 °C.  pause poInt The purified PCR product can be stored at − 80 °C for 6 months.
Gel purification • tIMInG 6-7 h 40| Load cDNA on a 1% agarose gel alongside an appropriate size standard and run the gel until the bromophenol blue dye marker is 2 cm from the well. Excise cDNA from the size range 0.5-3 kb and purify by QIAquick gel extraction kit. Elute the cDNA in 30 µl EB buffer and quantify using Quant-it HS dsDNA kit.
41|
Store at − 80 °C.  pause poInt The gel purified PCR product can be saved at − 80 °C for 6 months.  crItIcal step The cDNA may be weakly stained if the primer dimer band saturates the ethidium bromide. If this happens, simply cut the gel between 0.5 kb and 3 kb and proceed to gel extraction; alternately, the operator can stain the gel with ethidium bromide to see the cDNA smear.  crItIcal step Do not over-stain or over-irradiate DNA; long exposure of ethidium bromide stained DNA to UV light causes DNA damage, including strand breaks and base modifications, which affect the efficiency of polymerase-mediated reactions. SYBR safe gel staining and blue light transillumination can be used instead of ethidium bromide and UV light. 
45|
Transfer the sheared DNA into a clean 1.5 ml LoBind tube.
46|
For QC, 2 µl of the reaction should be saved and used to confirm that shearing has created the desired range of fragment sizes using the Agilent 2100 Bioanalyzer. 51| Use the information below to calculate the pmoles of adaptor needed for the reaction. Average insert fragment size is the size that the sample was sonicated to; if the provided sonication parameters were used, the average should be 105 bp. 56| Place the tube of beads in the magnetic rack to separate beads from solution. Wait for the solution to clear before proceeding to the next step.
57|
Remove the supernatant and discard.
58| Dispense 200 µl of freshly prepared 70% ethanol, vortex the tube thoroughly and incubate for 30 s at room temperature.
59|
Place the tube of beads in the magnetic rack to separate beads from solution. Wait for the solution to clear before proceeding to the next step.
60|
Aspirate out the ethanol and discard.
61|
Repeat Steps 58-60 two more times.
62|
Place the tube of beads in the magnetic rack and remove the supernatant and pulse-spin to remove the residual ethanol.
63| Repeat
Step 62 for two to three more times to remove the residual ethanol.
64|
Dry the beads at room temperature for ~5 min.
65|
Elute the DNA by adding 36 µl 10 mM Tris pH 8, vortexing for 10 s and ensuring homogeneity by pipetting the solution up and down for several times.
66|
67|
Transfer the eluant to a 1.5 ml LoBind tube.
68|
Place the eluted sample in the magnetic rack again to separate any remaining beads from solution. Wait for the solution to clear before proceeding to the next step.
69|
Transfer the eluted sample in a new 1.5 ml LoBind tube.
70|
Repeat Steps 68-69 once.
71| Store DNA in a 1.5 ml LoBind tube.
72| Save 2 µl of the AMPure-purified ligated library DNA. The aliquot can be used for running a library QC for troubleshooting purposes.  pause poInt The sample(s) may be stored at − 20 °C overnight or upto 6 months. n e -# 9 O n e -# 1 0 T e n -# 1 T e n -# 2 T e n -# 3 T e n -# 4 T e n -# 5 T e n -# 6 T e n -# 7 T e n -# 8 T e n -# 9 T e n -# 1 0 T e n -a v e r a g e O n e -a v e r a g e 
Quantification of multiplexed samples
antIcIpateD results
We first used relatively small cells-mouse embryonic stem (ES) cells, which only contain 10-20 pg of total RNA in each individual cell-to show that the method is sensitive and reproducible. We picked into each tube either one individual ES cell or ten ES cells together (Fig. 5) and then ran the single-cell cDNA amplification procedure and real-time PCR to analyze the expression of the housekeeping gene GAPDH (Fig. 6) . The results show that variation in the measurement of the expression of GAPDH is reasonably minimal and the expression differences between one cell and ten cells are as expected.
We then confirmed the accuracy of the method by analyzing the correlation efficiency between two separately processed biological replicates. Based on our previous single-cell cDNA microarray results (unpublished) and results from other laboratories, undifferentiated ES cells have strong sub-populations with dramatic differences in gene expression [46] [47] [48] , and so we analyzed biological replicates of mature oocytes, as we know that these represent a much more homogeneous population 42 . We can achieve correlation coefficients as high as 0.986 (Fig. 7) , which is comparable to that achieved using 42 in the mature oocyte and the blastomere of a four-cell stage embryo respectively are shown in table 3. The majority of the most abundantly expressed genes in oocytes and blastomeres are not housekeeping genes, but rather developmental stage-specific genes, which show upto several-hundred-fold variability between these two types of cells. 
